The Microsoft Excel 'Solver' tool is a very simple but powerful procedure, even in the hands of the mathematically disadvantaged. It has very good application for quickly fitting experimental flow-curve data to non-Newtonian flow models with any number of parameters, and can cope with data from a number of sources. Examples are given for a range of industrially important examples ranging from standard non-Newtonian liquids, through detergent solutions to gels, pastes, and filled polymer melts, often measured on different viscometers.
INTRODUCTION
There are good reasons why one should want to fit experimental data to empirical mathematical expressions. Not only will such an exercise provide the most economical way of describing any particular physical behaviour, it also -in the case of rheology -gives us the possibility of predicting how a particular liquid will behave in new and more complex situations. A simple example would be the description of the flow curve of a non-Newtonian liquid measured in a simple cone-and-plate geometry, and then the prediction -using appropriate mathematical formulae -of its flow in pipes, in draining etc. We could go even further, and use the same mathematical expression as an input into a computational fluid dynamics (CFD) program to describe flow in even more complex situations such as mixers, pipe bends, etc. Also, in some situations, curve-fitting yields parameters that can be compared to theoretical models that can provide some kind of description of the liquid microstructure, see for instance [1] .
The simplest descriptions of non-Newtonian liquid behaviour are the two-parameter Bingham and power law models with formulae Bingham, s = s 0 + h p g · and s = kg · , respectively. If these are plotted in the appropriate way -linear for Bingham and log-log for power-law -then the parameters can be immediately read off the plots as slopes and intercepts. This can be done manually from a graph or else using the simplest graph plotting routines in graphical packages (i.e. the trendline in Microsoft Excel). However, fitting more complex models is not so easy, and various mathematical manipulations are necessary. We have previously used such routines to fit non-linear data, see [2] where we had to develop a complex simplex routine for the purpose, which involved the simultaneous fitting of both simple-shear and extensional viscosity/rate-ofdeformation curves. Commercial software can be bought to perform these fits, see for instance www.multisimplex.com/. However, there are simpler and cheaper ways to proceed, and here we describe the use of the readily available Microsoft Excel spreadsheet package and especially its 'Solver' tool. This is an easy-to-use routine that needs no special mathematical proficiency, but puts a very powerful tool at the disposal of the non-expert. Even though most modern rheometers can perform fits to a number of non-Newtonian flow curves -chosen according to the preference of the particular manufacturers -there is nevertheless still a need for some simple way of curve-fitting non-Newtonian flow curves when we want to use a different, non-standard model.
When viscosity data has been collected from a number of different viscometers which cover different ranges of stress or shear rate, then the data has to be exported to a common database, since it is usually impossible to move data between different viscometer software packages. Once all the data has to be exported into an independent data-handling package such as Microsoft Excel, graph-plotting, curve-fitting and any other treatment of composite data can be carried out.
THE KIND OF MATHEMATICAL FLOW MODELS THAT WE NEED TO FIT
Before the advent of digital computers, only simple non-linear models were used, so that any further mathematical manipulation would be as easy as possible. However, with the numerical procedures and heavy computing power now available, even on PCs, any amount of complexity can be handled readily. This encourages us to use more and more complex flow models to give better and better descriptions of non-Newtonian liquids.
The typical non-linear flow models that we use seek to describe parts or all of the flow curves of non-Newtonian liquids, as shown in Figs. 1 and 2. The hierarchy of models (expressed in terms of the viscosity) that can be used to fit these kinds of flow-curves follows the following sequence
TWO-PARAMETERS MODELS
Bingham model:
Power-law model: 
THREE PARAMETERS MODELS

FOUR PARAMETERS MODELS
Cross model:
Meter model:
The Meter model can also be rearranged to give (9)
FIVE PARAMETERS MODELS
Simple flow curves, although showing the usual behaviour at low shear rate/stress, do not flatten out -within the measured range -at high shear rates/stresses. For these a simplified Cross model with no h ∞ plus a power-law model is suitable (10) or the Carreau-type equivalent (11)
These models simplify to the Herschel-Bulkley model when m is unity and Kg · is very large.
EIGHT PARAMETERS MODELS
We have recently described a number of models that we have developed to describe the flow curves of very shear-thinning liquids [3] . These are essentially double-Meter models, and thence they can contain up to eight parameters. These models look like
and .
With the models described so far, we can characterise most examples of non-Newtonian flow curves that we have ever seen. The choice of any particular model has to be made with some care, and examination of data against the kind of curves shown above should help, but practice makes perfect!
DESCRIPTION OF THE MICROSOFT EXCEL 'SOLVER' TOOL
The Excel spreadsheet package has a basic curvefitting facility called trendline that is very simply invoked, which fits data plotted on a linear and logarithmic basis. This allows the Bingham and power-law equations to be fitted to suitable data. The fitted parameters and the 'goodnessof-fit' data can then be displayed and noted, and the best-fit line drawn on the graph..
If the data is obviously not suitable for fitting to these simpler models, then the 'Solver' tool can be used. However, an element of judgement has to be used in the selection of the most appropriate model. This selection is best done by plotting the viscosity/ shear-rate (or equivalent) data on a logarithmic basis, then using Fig. 1 , seeing which models should be fitted.
According to the 'Help' provided with the program, the Microsoft Excel 'Solver' tool uses various patented procedures including the 'Generalised Reduced Gradient' non-linear optimisation code. Linear and integer problems use the simplex method with bounds on the variables, and the branch-and-bound method. Readers are encouraged to take time to read all the relevant 'help' material associated with the 'Solver' tool. The 'Solver' tool is used as follows: I Enter some sensible approximate values for the model parameters; these parameters should be stored sequentially in adjacent cells, either alongside or below one another I Click on 'Solver'under Tools (this is important since it allows us to cope with the very large ranges of viscosity and shear rate often found in the data) I Click 'solve', and that's it!
The initial values -put in as approximate guesses -will now be updated with the fitted model parameters that 'Solver' has found. 
EXAMPLES OF 'SOLVER' FITS
LOW SHEAR-RATE/SHEAR-STRESS END OF FLOW CURVES
HIGH SHEAR-RATE/SHEAR-STRESS END OF FLOW CURVES
For this end of the flow curve, we have chosen data that best fits to the Sisko model, with its movement towards a high-shear-rate Newtonian plateau (see Figs. 5 and 6 ). The first example is a toothpaste, and the second is the a non-Newtonian standard liquid, SUA1, supplied by the Department of Pure and Applied Chemistry, Strathclyde University, Scotland.
WIDE-RANGING FLOW CURVES
To exemplify fits to wide-ranging flow curves, we illustrate the fitted results of flow curves for four shower gels. They are best fitted using the simplified Cross model plus a power-law model to accommodate the higher shear rate range, see . . 
Figure 3 (left):
Viscosity/shear-stress data [4] for a polymer melt filled with glass beads, fitted to the Ellis model (for used parameters
CONCLUSIONS
The Microsoft Excel 'Solver' tool is a very simple but powerful procedure, even in the hands of the mathematically disadvantaged. It has very good application for fitting experimental flow-curve data to standard and non-standard models ranging from a two to an eight parameter model. One point that should be noticed is that to get the best fit to the high shear rate/stress end of the curve, it is best to plot this data separately and use an appropriate model such as the Sisko model. This fit does not then have to compromise its parameter values by taking very low shear rate data into account.
